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Abstract. There are different criteria for assessing the appropriateness of an agglomeration technology
in the deployment processing of dry, fine and dirty dust burdening in the communal and working
environment. Besides the benefit of the environment components, the agglomeration technology offers
the possibility of re-processing the material as the primary raw material within a wide range of industries.
Preliminary tests have shown that the compressed material remains in the memory from the previous
compression. For returning the already processed material into a primary production, it is essential
that it is reformed without the need for additional materials, a requirement that can be problematic.
This article deals with the modification of a powder material (powder dust from the manufacture of
friction components) and the investigation of its properties before and after the compaction processing.
Keywords: powder material; compaction; agglomerate strength; distribution characteristic; micro-
scopic analysis; compressibility.
1. Introduction
An illustrative application of these environmental tech-
nologies is, for example, the disposal of a dust in the
manufacture of friction components, such as brake
linings for cars [1, 2]. The aim was to effectively re-
cover the dust, usually stored in landfills, in a form
suitable for its effective reuse in the production pro-
cess or as a material and energy recycling, the direct
consequence of which is savings on the landfill storage.
If the recycled material contains new element, on its
return to the production process, the inhomogeneities
of the material could affect the final product quality,
thus having a significant impact on the vibration and
noise effects of the brake components [3, 4]. Therefore,
the research was focused on procedures for processing
dust powder into a compact dust-free format in which
it would not be necessary to use additional agglom-
eration materials. Using a special technology, it is
possible to transform the dust waste into agglomerates,
which then makes possible further treatment with the
properties of the examined material unchanged. Since
a high pressure is necessary for the agglomeration of
the dust from the production of brake linings, the tech-
nology of a dry high pressure continuous compaction
has to be considered [5].
2. Theory of compaction
One of the technological processes of the powder pro-
cessing is the roll press compaction. This is a con-
tinuous process of a high-pressure compression of a
particulate material between two rotating rolls, with
a compacted strip as the final product. In dependence
on the shape of the rolls, it is possible to create various
types of product. If the compactor rolls are smooth, a
continuous ribbon comes out of the compactor and is
then divided into smaller pieces. If the compactor rolls
are toothed, products in the form of profiled strips
or briquettes are obtained by setting the desired gaps
between the rollers. Compaction is a process in which
the particulate material is processed without additives
or with the addition of only a very small amount of
additive (e.g., agglomeration liquid or powder).
ne of the most acknowledged authors working in the
particulate material compaction is J. R. Johanson. In
his articles [6, 7], the compaction process is described.
In [8], the problem of the wear of the rolls during com-
paction is dealt with. It is recommended, whenever
possible, to use the roughened surface of the roller
with the roller gap kept as large as the product qual-
ity allows. In [9, 10], the author describes the issue
of air contained in the particulate material, showing
the relationship necessary for an approximate calcu-
lation of the maximum pressure in the compacted
strip. Critical compaction pressure is the function
of the rotation speed of the rolls, cylinder diameter,
the compressibility of the material, and the strength
of the product. The author also deals with [11] the
possibilities for reducing the air content and general
improvement in the process of the compaction. The
result of the study is the use of screw conveyors to
transport the material between the compactor rollers
with the goal of maintaining a constant gap between
the rolls. A recommended step is a mixing of the raw
material and the compacted recycled material in order
to reduce the air content in the compacted strip.
The mathematical model proposed by Johanson
shows the relationship between material properties,
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Figure 1. Forces balance in the compression zone of
the compacting process [14].
dimensions and compactor operating conditions. This
model may be expressed as the force between the
rolls necessary to achieve the desired compression
pressure for the material. It is assumed that the
material is isotropic, compressible, and also behaves
according to the effective flow function as proposed
by Jenike and Schield [12]. The effective flow function
for planar tightness, which is taken into account in
the roller compaction, is described by the effective
internal friction angle.
In addition to Johanson, several authors such as
Komarek [13] have worked on the compaction process.
While the approaches of the various authors of the
theories may differ, it is generally agreed on that dif-
ferent areas exist in the pressing zone of the compactor
rollers. Most frequently, the course of compacting is
divided into three areas — the slip area, the press-
ing area and the area of expansion. In the first area,
the slipping of the material over the surface of the
rollers takes place. In the second area, the material is
wedged between the rollers, and is drawn into the gap
between them at the same time as it is being pressed.
In the third area, expansion occurs due to the elastic
deformation of the compressed material in the area of
the maximum compression pressure pm (Fig. 1).
It was Johansson who described the compaction of
a particulate material through a two-roll compactor
by the so-called wedge angle αN . This angle separates
the slip area and the area of compression. In the
slip area, there is a mutual movement between the
surface and the material in the zone over the wedge
angle. The material is acted on by its own weight, by
the force effect of the screw during the forced feeding
and to a small extent by the shear stress from the
rollers through which the material is dragged into the
area between the rolls. In this zone, the particles of
the material change position and a displacement of a
substantial part of the air contained in the material
occurs. In the area of the pressing zone under the
angle wedge, the material on the surface of the rolls
Figure 2. Dust from brake lining production.
moves at the same speed as the surface speed of the
rolls. The effects of the wall friction are progressively
reduced, and on the contrary, the normal components
of the stress from the rolls begin to work on the
material. In this area, the particles of the material
deform and the material becomes compact.
For the zone over the wedge angle, it is possible
to calculate the pressure conditions by the means of
the bulk materials mechanics. For the zone under
the wedge angle, pressure ratios are derived from the
strain curve. Stress distribution between the rollers
over the wedge angle can be calculated by combining
the equation of the particulate material balance ele-
ment and the limit state equation, provided that the
boundary conditions are given [15, 16], and, in the
case of the stress distribution under the wedge angle,
the volume strain dependency can be applied.
3. Compaction of dust
from brake lining production
The material for the manufacture and testing of sam-
ples was a waste dust from the production of brake
linings (Fig. 2). For compacting, an experimental com-
pactor, designed and manufactured at the Institute
of Process Engineering, Faculty of Mechanical Engi-
neering, Slovak University of Technology in Bratislava,
was used. The product of the material compaction
was a continuous strip (Fig. 5). The compaction pro-
cess ran with two different rotations of the compactor
rolls, which represented various product mass flows
(1.35 rpm — 22 kg h−1, 6.75 rpm – 110 kg h−1). In the
process of compaction, the wedge angle was found ac-
cording to the relation by (1), where αN is the wedge
angle, s is the gap between the rolls, D is the diameter
of the compactor rolls, ρ is the bulk density of the
agglomerates and ρ1 is the material density:
αN = arccos
(
1− s
D
( ρ
ρ1
− 1
))
. (1)
An average wedge angle of 9.78° was found from the
experiments.
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Figure 3. Course of single-axis compactibility test.
Figure 4. Course of single-axis compactibility test
according to Johanson.
Figure 5. Profiled strip of experimental material
from compacting process.
Figure 6. Sample for testing of strength against
breaking and disintegrating.
4. Single-axis compactibility
Before the actual process of compacting, it was neces-
sary to verify the compatibility of the test material in
an oedometer, from which its capacity for compacting
was discovered. The course of the single-axis com-
pressibility test is shown in Figure 3, with a modified
version, which adds a logarithm of stress ratio ln( σσ0 )
and a logaritm of densities ratio ln( ρρ0 ) to the depen-
dency (Fig. 4) by (2), where σ is normal stress, σ0 is
initial normal stress, ρ is tablet bulk density, ρ0 is the
initial bulk density of powder and K is the Johanson
compressibility factor:
ln σ
σ0
= K ln ρ
ρ0
. (2)
By means of this modification, it was possible to
assess the behaviour of the test material during the
single-axis compaction, wherein this material behaved
accordingly to the compaction theory in line with
Johanson; by means of the mathematical analysis, a
compressibility factor of 8,634 was found. The test
material is well-compressible and suitable for the com-
paction in a roll compactor. If the compressibility
factor is equal to the value 1, the compressibility of
the sample is linear throughout the whole course of
the compaction of the samples. The higher the factor,
the less linear is the compressibility of the sample
throughout the course. If the value of the compres-
sion force does not sufficiently exceed the required
value, a sufficient sample compression does not oc-
cur. Although an exact definition of the Johanson
compressibility factor is not possible, the higher this
number is (tens, hundreds), the more problematic is
the compaction process.
5. Agglomerate strength
in dependence on compaction
process parameters
Before making the agglomerates in their final form,
it was necessary to perform an experimental mea-
suring, by which the forces necessary to break and
disconnect the compacted test samples (Fig. 6), so
that they would be suitable for later material recy-
cling, were examined. The test samples were created
from a continuous strip (Fig. 5) at various mass flows
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Figure 7. Physical principle of testing sample against
breaking.
Figure 8. Physical principle of testing sample against
disintegration.
Figure 9. Influence of strength of forced feeding
on the strength required to break the test sample at
constant rotation of the compactor rolls [17].
Figure 10. Influence of strength of forced feeding on
the strength required to disintegrate the test sample
at constant rotation of the compactor rolls [17].
(compactor’s output) and with different operating pa-
rameters.
The influence of the composition and operating
parameters on the strength of the compacting ma-
terial was examined. The principle for measuring
the strength against breaking and disintegration is
shown in Figures 7 and 8. The complete process,
the composition, and the parameters examined in
the creating of the samples, as well as the testing of
the strength against breaking and disintegrating, are
shown in [17]. The strength required for the breaking
of the samples depends mainly on the rotational fre-
quency of the compactor’s rolls and the strength of
the forced feeding of the material between the rolls.
The dependency is shown in Figure 9. The strength
necessary for the disintegration of the samples was
dependent on the rotational frequency of the com-
pactor’s rolls and the strength of the forced feeding
of the material between the rolls, as it is illustrated
in Figure 10. The result of the investigation of the
agglomerate strength was the fact that compacting
of the waste powder was possible, and the product
thus produced, in the form of compacted material,
satisfies the needs of the transportation in terms of
strength, without a further generation of a powder
share.
Figure 11. Final product.
After the strength characteristics experiments, it
was necessary to disintegrate (granulate) the com-
pacted strip (Fig. 5). In order to reduce a formation
of powder, a knife mill without a sieve and with a
low rotation frequency of the knives was used. The
agglomerates created by this disintegration are illus-
trated in Figure 11.
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Figure 12. Distribution characteristic of pure raw ma-
terial created on Malvern Morphologi 3G and Malvern
Mastersizer 3000 equipment.
Figure 13. Distribution characteristic of produced
agglomerate measured on Microtrac PartAN equip-
ment.
Figure 14. Shot of brake powder at 150-times enlargement, made by a JoelR Scanning electron microscope
(SED-1.0kV-WD21.5mm-Std.P.C.50.0-HighVac-x150).
6. Distribution characteristics
of pure raw material
and created product
In the processing of powder materials, the quality
and size of the products are strongly determined by,
among other things, the distribution characteristics
of the processed raw material. Every type of par-
ticles (i.e., small – powder, large, fibrous) needs a
different type of compaction. Small (powder) parti-
cles, large or fibrous for example, compact differently.
The requirement from the producer of the powder
from the manufacture of brake linings was to achieve
high quality non-powdery products. As it is usual
with such technologies, it is essential to know the
mechanical-physical properties of the processed ma-
terial as much as possible. The basis is a detailed
fractional analysis. The distribution characteristic
of the pure raw material was prepared on Malvern
Morphologi 3G and Malvern Mastersizer 3000 equip-
ment (Fig. 12). While the measuring on the Malvern
Morphologi was prepared on the basis of the static
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Figure 15. Shot of the agglomerate at 1000-times enlargement, made by a JoelR Scanning electron microscope
(SED-5.0kV-WD12.3mm-Std.P.C.50.0-HighVac-x1000).
pictorial image analysis of their volume, measuring
on the Malvern Mastersizer 3000 was on the basis of
a dynamic pictorial analysis of their volume [18–20].
The results of both analyses are in excellent confor-
mity (Malvern Mastersizer 3000 — DV(10) = 6.65 µm,
DV(50) = 27.8µm, DV(90) = 151µm). The distribu-
tion characteristic of the agglomerate produced was,
due to the size of the particles, performed on a Micro-
trac PartAN 3D (Fig. 13) analyzer of the picture of
the particles. The particles falling from the vibration
hopper were recorded by the means of a high-speed
camera which took pictures of the motion of the falling
particles. On the basis of the series of pictures, a com-
plete 3D picture of the individual agglomerates was
prepared, as was the consequent cumulative distribu-
tion characteristic on the basis of their volume. The
characteristic dimension DV(50) from the analysis of
the agglomerates was 11.24mm.
7. Microscopic analysis of pure
raw material from
manufactured product
The behaviour of powder materials is influenced not
only by the distribution of particle size, but also by the
shape and surface structure of the particles forming
the powder. A scanning electron microscope (JoelR)
was used in this work to view the structure of powder
particles. This microscope distributes a stream of
electrons onto the powder sample, which was treated
by applying a conductive layer to the powder (plat-
inum). The secondarily reflected electrons from the
sample surface are captured by a detection equip-
ment and further modified to the form of a digital
picture. In Figure 14, the freely sprinkled powder
from the pure raw material is illustrated at an en-
largement of 150-times. To compare the changes in
the structure of the powder, in Figures 15 and 16,
broken parts of the product at an enlargement of
1000-times are shown, with various preparation param-
eters (SED-5.0kV-WD12.3mm-Std.P.C.50.0-HighVac-
x1000; SED-15.0kV-WD9.9mm-Std.P.C.40.0-HighVac-
x1000). From the figures, it is clear that the powder
has achieved a significant reduction of porosity, the
particles were plastically deformed, the number of
inter-particle contacts increased, and the particles mu-
tually configured their shape. By this, the product
gained a significant strength and became a compact
unit.
8. Compressibility of pure raw
material and created product
Not less important investigated data concerns the
change in the compressibility of the pure raw mate-
rial and of the created product. The measuring of
compressibility was carried out on a powder materials
rheotest, the Freeman Technology FT4 [21–24]. The
sample of pure raw material and also the prepared
product were compressed by a piston with a very fine
perforated surface to allow the escaping of air from the
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Figure 16. Shot of the agglomerate at 1000-times enlargement, made by a JoelR Scanning electron microscope
(SED-15.0kV-WD9.9mm-Std.P.C.40.0-HighVac-x1000).
investigated material. The piston applied normalized
axial pressure in an interval from 0.5 to 15 kPa. A com-
parison of the compressibility of the pure raw material
and the created product is shown in Figure 17.
9. Results and conclusion
From the measured data of the distribution character-
istics, it is clear that while the median size of the pure
raw material was 27.8 µm (Fig. 12), the one of the
created product was 11.24mm (Fig. 13). By a suitable
setting of the agglomeration process, it was possible to
create a sufficiently strongly compacted strip, which,
after a subsequent purposed disintegration, provided
the required agglomerates. This strength is presented
in Figures 9 and 10, we can see an great increase in
the strength necessary for the breakage and also for
the disintegration of the test sample as a result of the
increase of the strength of the forced feeding in the
hopper. Such suitably created agglomerates achieved
the expected strength, as Figure 17 where it is possible
to observe less compressibility (@15 kPa — 5.31%),
than in the compaction of the pure raw material —
powder, which, for the investigated range, was much
larger (@15 kPa — 31.5%). The created agglomer-
ates can be transported right back to the beginning
of the production process as a useable recycled ma-
terial (after the appropriate modification of the size
of the particles), since, in terms of a chemical com-
position, they are made up of a similar composition
without the addition of any kind of an agglomerat-
ing binder or transport, without the generation of
increased dustiness, for material or energy recycling.
It should, however, be mentioned that in material
recycling, attention must be paid to the fact that
such recycled powder has already been compressed
many times, leading to a plastic reformation of a num-
ber of its components. It is important to discover
in what ratio to the pure material the agglomerates
can be included in the production process, in order to
avoid undesirable lacks of homogeneity in the resul-
tant products (the possibility of a point dislocation of
the re-compacted particles after repeated compression
in the primary raw material), as well as the possibility
of the distribution of individual components of the
material, in order to prevent a segregation of fine par-
ticles and larger agglomerates (for example silica sand
particles), which have significant effects on the brake
squeal noise, the evolution of the friction layers and
anchoring mechanisms [4].
List of symbols
αN Wedge angle [°]
ρ Bulk density [kgm−3]
ρ0 Initial bulk density [kgm−3]
ρ1 Material density [kgm−3]
σ Normal stress [Pa]
σ0 Initial normal stress [Pa]
pm Maximum compression pressure [Pa]
s Gap between the rolls [m]
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Figure 17. Compressibility of the pure raw material and the created product, measured on Freeman Technology
FT4 equipment
D Diameter of the compactor rolls [m]
K Johanson’s compressibility factor
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